Static and dynamic magnetic properties of lightly P-substituted BaFe 2 (As 1−x P x ) 2 were systematically investigated by 31 P NMR. The averaged internal magnetic field at the P site in the zero-temperature limit evaluated from the broadening of NMR spectra in the antiferromagnetic (AFM) phase is gradually suppressed toward x ∼ 0.35 with increasing x, which provides definitive evidence for the existence of an AFM quantum critical point (QCP) at x ∼ 0.35. The location of the AFM QCP is consistent with the previous estimation from temperature dependence of spin dynamics in the normal state, and the superconducting transition temperature T c takes the maximum around the QCP. Our experiments, revealing a signature of a QCP extending up to room temperature, establish BaFe 2 (As 1−x P x ) 2 as one of the most accessible systems for unraveling the nature of quantum criticality and the relationship between AFM quantum criticality and unconventional superconductivity. The relationship between magnetism and superconductivity is one of the central topics in condensed-matter physics, because unconventional superconductors have been discovered near a magnetic phase. Emergent iron-based superconductors are not exceptional. [1] [2] [3] [4] In a parent compound BaFe 2 As 2 , tetragonal-to-orthorhombic structural transition and antiferromagnetic (AFM) ordering occur simultaneously (their transition temperatures are denoted as T S and T N , respectively). Chemical substitutions of K for Ba, 5 Co for Fe, 6 and P for As 7 suppress T S and T N successively, and a superconducting (SC) phase appears at which these transitions almost disappear. One of the promising theories for unconventional superconductivity is the pairing induced by AFM spin fluctuations. 8, 9 In this scenario, SC transition temperature T c is highest at a quantum critical point (QCP) of AFM ordering, since the AFM fluctuations are strongest above the QCP where the AFM ordering occurs at T = 0 K. In our previous NMR results on BaFe 2 (As 1−x P x ) 2 , which is an unconventional superconductor with line nodes in its SC gap structure, 10-15 the temperature dependence of the nuclear spin-lattice relaxation rate 1/T 1 in the normal state has suggested the existence of a QCP at x ∼ 0.35 where T c takes the maximum. 16 Since BaFe 2 (As 1−x P x ) 2 is extremely clean, 17, 18 it is a suitable system to study intrinsic physics of the iron-pnictide superconductors. Observed anomalous T -linear resistivity at x ∼ 0.35 17 and an increase in the quasiparticle effective mass toward x ∼ 0.35 18 are characteristic phenomena of the systems in proximity to a QCP. 19, 20 However, the presence of a QCP requires experimental evidence of second-order quantum phase transition in the zero-temperature limit. A key experiment is to investigate the evolution of an AFM order parameter at the ground state with respect to a physical tuning parameter.
The relationship between magnetism and superconductivity is one of the central topics in condensed-matter physics, because unconventional superconductors have been discovered near a magnetic phase. Emergent iron-based superconductors are not exceptional. [1] [2] [3] [4] In a parent compound BaFe 2 As 2 , tetragonal-to-orthorhombic structural transition and antiferromagnetic (AFM) ordering occur simultaneously (their transition temperatures are denoted as T S and T N , respectively). Chemical substitutions of K for Ba, 5 Co for Fe, 6 and P for As 7 suppress T S and T N successively, and a superconducting (SC) phase appears at which these transitions almost disappear. One of the promising theories for unconventional superconductivity is the pairing induced by AFM spin fluctuations. 8, 9 In this scenario, SC transition temperature T c is highest at a quantum critical point (QCP) of AFM ordering, since the AFM fluctuations are strongest above the QCP where the AFM ordering occurs at T = 0 K. In our previous NMR results on BaFe 2 (As 1−x P x ) 2 , which is an unconventional superconductor with line nodes in its SC gap structure, [10] [11] [12] [13] [14] [15] the temperature dependence of the nuclear spin-lattice relaxation rate 1/T 1 in the normal state has suggested the existence of a QCP at x ∼ 0.35 where T c takes the maximum. 16 Since BaFe 2 (As 1−x P x ) 2 is extremely clean, 17, 18 it is a suitable system to study intrinsic physics of the iron-pnictide superconductors. Observed anomalous T -linear resistivity at x ∼ 0.35 17 and an increase in the quasiparticle effective mass toward x ∼ 0.35 18 are characteristic phenomena of the systems in proximity to a QCP. 19, 20 However, the presence of a QCP requires experimental evidence of second-order quantum phase transition in the zero-temperature limit. A key experiment is to investigate the evolution of an AFM order parameter at the ground state with respect to a physical tuning parameter.
Here, we report 31 P-NMR measurements in BaFe 2 (As 1−x P x ) 2 for 0.07 x 0.33 that bring such direct evidence. Since NMR is a local probe of magnetism at a nuclear site, valuable information on ordered moments can be obtained from an NMR spectrum. The central result of the present investigation is that an AFM order parameter evaluated above T c successively decreases upon P substitution toward x ∼ 0.35, verifying the existence of an AFM QCP by the physical tuning. The present results together with the effective mass enhancement and the temperature dependence of resistivity and 1/T 1 indicate that BaFe 2 (As 1−x P x ) 2 is an ideal system for unraveling the nature of QCPs and the relationship between quantum criticality and unconventional superconductivity.
We used a collection of single crystals of BaFe 2 (As 1−x P x ) 2 for x = 0.07, 0.14, 0.20, 0.25, 0.27, and 0.33. These are fixed with a GE varnish to prevent sample alignment in the magnetic field. Typical dimension of each single crystal is 100 × 100 × 50 μm 3 . 31 P-NMR spectra were obtained at a fixed frequency of 71 MHz by sweeping magnetic field around 4.12 T.
To measure SC properties in magnetic fields, the temperature variation of resonance frequency δf of an identical NMR coil, which is proportional to a change in ac-susceptibility, was tracked for x = 0.14, 0.20, 0.25, 0.27, and 0.33 at 4.12 T. As shown in Fig. 1(a) , SC transitions were detected for x = 0.20, 0.25, 0.27, and 0.33, although the change in δf for x = 0.20 does not saturate even at the lowest temperature (1.5 K), suggesting a small volume fraction of SC region in the sample of x = 0.20.
Figure 1(b) shows the temperature evolution of 31 P-NMR spectra for x = 0.07-0.27. The single sharp spectra were observed above each T N . No remarkable differences between the spectra of T T S and T S T T N were detected within our experimental resolution, where T S was deduced from a concave kink in the T dependence of resistivity. 17 The Knight shift is almost unchanged against temperature and x in the normal state. 21 In contrast, each of NMR spectra of x = 0.07-0.27 becomes broadened and its intensity decreases below T N . In the parent BaFe 2 As 2 , Fe ordered moments lying in the ab plane with the stripe correlation induce internal magnetic field H int along the c axis at the As site due to the off-diagonal terms of the hyperfine coupling tensor. 22 In The temperature dependence of 31 P NMR spectra for x = 0.07-0.27. The origin of the horizontal axis of each x is set to the temperature-independent peak field of the paramagnetic NMR spectra above T c . The dotted, broken, and chain lines denote T S , T N , and T c , respectively. The black arrows indicate the resonance field μ 0 H ∼ 4.14 T, where T 1 in the magnetically ordered state is measured site-selectively. (c) The distribution of magnetic volume fraction with H int at the P site g(H int ) which is deduced from the 31 P NMR spectra of x = 0.07, 0.14, and 0.20 at 1.5 K, x = 0.25 at 20 K, and x = 0.27 at 32 K. μ 0 H int integral of each g(H int ) spectrum is normalized.
such a commensurate AFM ordered state with a homogeneous amplitude of H int at the P site, a powder pattern of I = 1/2 becomes nearly rectangular in shape for the case in which H int is negligibly smaller than the applied magnetic field. Such NMR spectra were actually observed in x = 0.07 and 0.14 at 1.5 K. However, the rectangular-shaped spectrum turns into a bell-shaped one at x = 0.20 and 0.25, suggestive of a distribution of H int . In the case of an incommensurate AFM order or stripe-type AFM order with distribution of ordered moments, H int at the P site becomes inhomogeneous and the bell-shaped 31 P-NMR spectrum is observed, which is composed of a sum of the above commensurate AFM spectra with various internal fields. Therefore, the magnetic volume fraction g with H int can be computed from an observed 31 P-NMR spectrum as follows:
where δH is a resonance field measured from the magnetic field of the temperature-independent paramagnetic 31 P-NMR spectra above T N and I (δH ) is the 31 P-NMR intensity at δH . The positive (negative) δH corresponds to H int (−H int ).
Figure 1(c) shows g(H int ) obtained from the NMR spectra of x = 0.07-0.27 at low temperatures. In x = 0.25 and 0.27, g(H int ) is obtained from the NMR spectra above T c , since the averaged internal field decreases below the bulk T c as discussed later. Figure 1(c) indicates that the average of internal field decreases, but its distribution seems to increase with increasing x. Such changes might be caused by the change of spin structure from a commensurate to an incommensurate type and/or disorder introduced by P substitution.
Next, we estimate the average of the internal field H int from each spectrum in the magnetically ordered state in order to discuss the development of an AFM order parameter. H int is calculated as the first moment of each volume fraction spectrum g(H int ):
The H int abruptly increases below T N and saturates at low temperatures for x 0.20, as shown in Fig. 2(a) . Fig. 2 . To investigate the nature of magnetic transition, we measured the temperature dependence of peak intensity of the NMR spectrum for x = 0.07,0.14, and 0.20 on cooling and warming. Sharp decrease in the intensity was observed at T N for x = 0.07-0.20 although no appreciable hystereses exceeding an experimental error ( T ∼ 0.5 K) were observed (not shown here). These results are in contrast to the results of x = 0 22 and indicate that the AFM transitions at T N in x = 0.07-0.20 are almost the second-order transitions, consistent with the enhancement of α by the P substitution. μ 0 H int at the ground state, deduced from extrapolating each fitting curve of μ 0 H int to T → 0 K, is plotted against x in Fig. 3(b) . μ 0 H int at T → 0 K successively decreases from x = 0.07 to x = 0.27. In contrast to the pronounced increase in μ 0 H int below T N for x = 0.07-0.27, only a slight increase due to SC diamagnetism in x = 0.33 indicates the absence of magnetic ordering.
The dynamics of magnetic properties can be probed by measuring the nuclear spin-lattice relaxation rate T −1 1 . The time dependence of spin-echo intensity M(t) at the peak of the NMR spectrum after saturation of nuclear magnetization can be fitted to a theoretical curve of nuclear spin I = 1/2 with a single component of T 1 . However, for x = 0.25 and 0.27, M(t) at T 65 K deviates from the theoretical curves with a single T 1 component due to the inhomogeneity of samples originating from distribution of P concentration. Since the x dependence of T N is quite steep at around x ∼ 0.26, a slight distribution of P concentration may cause the phase separation around T N , resulting in T 1 distribution at low T . Thus, T 1 for x = 0.25 and 0.27 in this report was measured site-selectively at the AFM region, which is 0.02 T higher than the sharp peak since the AFM region is dominant at low temperatures. The obtained relaxation curves in the AFM region were nicely fitted with a single T 1 component down to the lowest temperature.
The temperature dependence of (T 1 T ) −1 is shown for each x in Fig. 2 
(b). (T 1 T )
−1 is expressed by the wave-vector q integral of the imaginary part of the dynamical susceptibility χ (q,ω). Thus, the Curie-Weiss behavior of (T 1 T ) −1 and the temperature-independent Knight shifts related to χ (q = 0) in the normal state indicate the development of low-energy AFM fluctuations. 21 On further cooling, the samples for x = 0.07-0.27 exhibit magnetic ordering, which is inferred from the peaks of (T 1 T ) −1 at T N due to slowing down of the stripe-type AFM spin fluctuations, whereas (T 1 T ) −1 in the x = 0.27 sample drops sharply at T c due to the opening of the SC gap. The Curie-Weiss behavior of (T 1 T ) −1 is well fitted up to room temperature by the equation anticipated for two-dimensional AFM spin fluctuations,
, where θ denotes the characteristic temperature of AFM fluctuations. 8 In Fig. 3 , we summarize our NMR data of the x dependence of |θ |, μ 0 H int at T → 0 K, and the ordered moments m together with the T -x phase diagram of BaFe 2 (As 1−x P x ) 2 . It should be noted that μ 0 H int at T → 0 K is directly related to the AFM order parameter m . We estimated m using the relation μ 0 H int =
31
A hf m , where 31 A hf is the off-diagonal term of the hyperfine coupling tensor at the P site and is assumed to be independent of x.
A hf is calculated to be 0.61 T/μ B from the ordered moment of x = 0.08 (0.60 μ B ) reported from the elastic neutron scattering measurements. 24 As shown in Fig. 3(b) , m at T → 0 K is systematically suppressed toward x ∼ 0.35, suggestive of the existence of an AFM QCP at x ∼ 0.35. This is also consistent with a linear suppression of |θ | down to 0 K at x ∼ 0.35. Our NMR results clearly demonstrate that the AFM QCP is present at x ∼ 0.35 and that P substitution for As acts as a tuning parameter for quantum phase transition in BaFe 2 As 2 . As pointed out previously, 16 it is noteworthy that the maximum T c is observed near the QCP, suggestive of the AFM quantum critical fluctuations playing a vital role for the occurrence of superconductivity in BaFe 2 (As 1−x P x ) 2 . The importance of AFM critical fluctuations for superconductivity appears to be a common feature of the "122" iron-pnictide superconductors, since a maximum T c at around a doping level where T N disappears was also reported in Ba(Fe 1−x T x ) 2 As 2 (T = transition metal). 26, 27 We comment that the interplay between magnetism and superconductivity seems to be quite different between the "122" and "1111" superconductors. The importance of AFM fluctuations to superconductivity in "122" discussed above should be compared with a weak correlation between AFM spin fluctuation and superconductivity in "1111". 28 The phase diagrams of the "1111" iron-pnictide superconductors are essentially different from those of the "122" superconductors; T S and T N abruptly disappear as if structural and magnetic transitions are the first-order transition and superconductivity appears suddenly in LaFeAsO 1−x F x . 29, 30 Furthermore, superconductivity in CeFeAs(O 1−x F x ) seems to appear after disappearance of magnetic ordering. 31 Finally, we point out that in BaFe 2 (As 1−x P x ) 2 , the quantum critical fluctuation extends up to room temperature in x = 0.33 as can be confirmed by the excellent fitting of the T 1 data up to 270 K with the theoretical curve of 2D AFM fluctuation and T -linear resistivity.
11 This is contrary to naive expectations for quantum phase transition realized at 0 K. Such robust quantum criticality up to high temperatures of the order of J /k B , where J is the strength of the exchange interaction, is in fact suggested by theoretical study. 32 Since the exchange interaction of iron pnictides was estimated to be the order of 100 K, 33 our finding of robust quantum criticality in BaFe 2 (As 1−x P x ) 2 is not unexpected. The present material thus provides an accessible route to unraveling the nature of quantum criticality and emergent quantum order such as unconventional superconductivity.
In summary, static and dynamic magnetic properties in lightly P-substituted BaFe 2 (As 1−x P x ) 2 (0.07 x 0.33) were investigated by 31 
